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1. Introduction 
Ca*+-Sensitive cyclic nucleotide phosphodiesterase 
(EC 3 .I .4.17) and its Ca*+-dependent modulator 
protein were first reported in [l-3]. An activator 
protein of phosphodiesterase in bovine brain was 
reported independently [4]. This protein, now called 
calmodulin, is thought to be a ubiquitous protein in 
eukaryotic cells and to play a pivotal role in regula- 
tion of Ca*+-dependent cellular processes through 
activation of several Ca*+-sensitive nzymes [5-81. 
Some cellular proteins, other than Ca*‘-sensitive 
enzymes, which interact with calmodulin in a Ca*+- 
dependent fashion have been demonstrated in various 
mammalian and avian cells and Escherichia coli 
[ 9- 161. However, physiological functions of these 
proteins are still under exploration. Cellular basic 
proteins such as histone, protamine and myelin basic 
protein have been shown to interact with calmodulin 
[17-211. These basic proteins were suggested to bind 
to calmodulin in a Ca*+-dependent manner [ 17,181. 
However, in [ 191 this interaction was postulated to 
depend mainly on the high charge density between 
calmodulin and the basic proteins [ 191. Here we show 
that the interaction of calmodulin with histones is a 
Ca*+- and charge density-dependent reaction and that 
this interaction is modulated by phosphorylation of 
histones. 
Abbreviations: EGTA, ethylene glycol bis(paminoethy1 
ether)N,N,N’,N’-tetraacetic ac d
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2. Materials and methods 
Whole histone was prepared from calf thymus as in 
[22]. Hl, H2A, H2B, H3 and H4 histones were puri- 
fied as in [23]. Calmodulin, calmodulin-deficient 
phosphodiesterase and catalytic subunit of cyclic 
AMP-dependent protein kinase were purified from 
bovine brain by the methods in [24], [2.5] and [26], 
respectively. Calmodulin-coupled agarose affinity 
column was prepared as in [25] employing 18 mg 
homogenous calmodulin and 60 ml Sepharose 4B 
(Pharmacia). [Y-~*P] ATP was prepared as in [27]. 
Crotalus atrox venom (5’-nucleotidase), cyclic AMP 
and ATP were products of Sigma. Other chemicals 
were obtained from commercial sources. 
Phosphodiesterase activity was assayed as in [28] 
with some modifications. The reaction mixture 
(0.5 ml) contained 40 pmol imidazole-HCl (pH 6.9), 
1.5 I.tmol MgC12, 150 nmol dithiothreitol, 500 pg 
bovine serum albumin, 400 nmol cyclic AMP, 
500 nmol CaC12 or 2.5 pmol EGTA, 5 1 pg bovine 
brain calmodulin-deficient phosphodiesterase and 
0.36 pg calmodulin. Where indicated histones were 
added as specified. First incubation was done at 
30°C. After 30 min, the reaction was stopped by 
immersing the tube in boiling water for 3 min. Then, 
50 pg Crotalus atrox venom and 1.5 pmol MnC12 
were added to the reaction mixture and second incu- 
bation was done at 30°C. After 20 min, the reaction 
was stopped by adding 100 ~1 100% trichloroacetic 
acid. Pi in the supernatant was determined colori- 
metrically. 
Catalytic subunit of cyclic AMP-dependent protein 
kinase was assayed by measuring the amount of 32P 
incorporated into whole histone. The reaction mix- 
ture (0.2 ml) contained 4 pmol Tris-HCl (pH 7.5), 
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3.75 nmol [y-3ZP]ATP (9-11 X lo4 cpm/nmol) and 
protein kinase preparation. Incubation was done for 
10 min at 30°C and the reaction was terminated by 
the addition of 25% trichloroacetic acid. The acid- 
precipitable radioactivity was determined by mem- 
brane filter method in [29]. Protein was determined 
as in [30] with bovine serum albumin as a reference 
protein. 
3. Results and discussion 
Fig.1 shows that bovine brain phosphodiesterase 
was inhibited by Hl, H2A, H2B, H3 and H4 histones. 
Increasing the amount of each histone progressively 
inhibited the activity of phosphodiesterase supported 
by Ca’* and calmodulin. Hl histones was the most 
potent inhibitor for the enzyme in these 5 histones 
tested. The activity of this enzyme in the presence of 
EGTA (i.e., basal activity) was not inhibited by any 
histone employed. High concentrations of each his- 
tone activated the basal activity very weakly. Addi- 
tion of large amounts of calmodulin could abolish the 
inhibition of phosphodiesterase induced by histones, 
but CaCla could not (not shown). It is likely, there- 
fore, that histones interact with calmodulin but not 
Ca*+, as reported in [ 191. The mode of inhibition of 
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Fig.1. Inhibition of bovine brain cyclic nucleotide phospho- 
diesterase by histones. Phosphodiesterase was assayed under 
standard conditions in section 2 except that each histone was 
added to the reaction mixture as indicated. Phosphodiester- 
ase activities with addition of Hl (o,o), H2A (o,=), H2B (a,~), 
H3 (o,+) and H4 (v,v) histones are shown in the presence of 
1 mM CaCl, (closed symbols) or 5 mM EGTA (open symbols). 
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Fig.2. Kinetic analysis of the inhibition of phosphodiesterase 
induced by Hl and H2B histones with Dixon plot. Phospho- 
diesterase activity in the presence of 0.225 ~(g (.,A) or 
0.1125 pg (0,~) of calmodulin was assayed under standard 
conditions except that Hl or H2B histone was added to vari- 
ous concentrations as indicated. 
phosphodiesterase by histones was analyzed by a 
Dixon plot [31]. As shown in fig.2, the analysis 
revealed that histones inhibited the enzyme activity 
in competition with apoenzyme for calmodulin. In 
[ 181 gel electrophoresis howed that H2B histone 
interacted with calmodulin in a Ca*+-dependent fash- 
ion [ 181. However, in [ 191 polylysineeagarose affin- 
ity column and turbidity measurement of calmodulin 
and basic protein mixture showed that this inter- 
action did not require Ca*+ but depended mainly on 
the high charge density present on both macromole- 
cules [ 191. To conclude this controversy, the experi- 
ment in fig.3 was done. H2B histone was not released 
from the calmodulin-agarose affinity column by 
washing with a NaCl- and Ca”-containing medium. 
After this washing, the histone was eluted by EGTA- 
and NaCl-containing medium (fig.3A). Conversely, 
when the column was washed initially with EGTA, 
H2B histone was not eluted. Then, the histone could 
be eluted by a medium containing both EGTA and 
NaCl (fig.3B). Namely, H2B histone could be released 
from the affinity column only by a medium contain- 
ing both EGTA and NaCl. This result suggested that the 
interaction of calmodulin with histones was a Ca*+- 
and charge density-dependent reaction. Some inhibi- 
tory effect of NaCl on phosphodiesterase was also 
found on the affinity column chromatography 
(fig.3). The chromatography in fig.3B gave better 
recovery of H2B histone than that in fig.3A. The rea- 
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Fig.3. Investigation of the calmodulin-H2B histone interac- 
tion on calmodulin-agarose affinity column chromatography. 
Calmodulin-coupled agarose (Sepharose 4B) 10 ml, was equil- 
ibrated with buffer A (20 mM Tris-HCl at pH 7.5, 10 mM 
2-mercaptoethanol, 1 mM imidazole, 1 mM magnesium ace- 
tate and 1 mM CaCl,). The calmodulin-coupled agarose was 
incubated with 2 mg H2B histone for 16 h at 4°C in 40 ml 
buffer A with gentle stirring. The slurry was poured into a 
column (1.8 X 4.5 cm) and washed with 50 ml buffer A. 
(A) Following the washing with buffer A, the column was 
re-washed with a 100 ml linear concentration gradient of 
NaCl (O-l M) in buffer A. Then H2B histone was eluted by 
buffer B (20 mM Tris-HCI at pH 7.5, 1 mM imidazole, 1 mM 
magnesium acetate, 10 mM 2-mercaptoethanol and 5 mM 
EGTA) containing 1 M NaCl. (B) After the calmodulin- 
agarose affinity column was prepared and washed with 
buffer A as above, the column was re-washed with 50 ml 
buffer B. Then, H2B histone was eluted by a linear concen- 
tration gradient of NaCl (O-l M) in buffer B. Fractions of 
3 ml each were collected. Phosphodiesterase was assayed with 
0.35 ml aliquot of each fraction. 
son is not yet clear. To explore the role of charge 
density present between calmodulin and histone in 
interaction of both proteins, the following experi- 
ments were done. Histones were phosphorylated by 
catalytic subunit of cyclic AMP-dependent protein 
kinase to reduce the degree of positive charge. After 
prolonged incubation (90 min) under the conditions 
in section 2, -0.5,0.2,0.5,0.2 and 0.2 mol phos- 
phate were incorporated/mol Hl, H2A, H2B, H3 and 
H4 histones, respectively. As shown in fig.4, phos- 
phorylated histones could inhibit the phosphodiester- 
ase in a dose-dependent manner as well as non-phos- 
phorylated histones. However, the dose-response 
curve was shifted to the right by phosphorylation. 
When the mode of inhibition of the enzyme induced 
by phosphorylated histones was analyzed, the Dixon 
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Fig.4. Effect of phosphorylation on the inhibition of phos- 
phodiesterase by H2B histone. H2B histone (1 mg) was phos- 
phorylated in a large scale (2 ml) of the protein kinase assay 
mixture in section 2 with 385 pg catalytic subunit of cyclic 
AMPdependent protein kinase for 90 min at 30°C. The reac- 
tion was stopped by freezing. For the control, H2B histone 
was incubated for 60 min at 30°C in the reaction mixture for 
histone phosphorylation except that [Y-~~P]ATP was absent. 
Phosphodiesterase activities with addition of various amounts 
of non-phosphorylated (o,o) and phosphorylated (a,~) H2B 
histones are shown in the presence of 1 mM CaCl, (closed 
symbols) or 5 mM EGTA (open symbols). 
plot again showed a competition with apoenzyme for 
calmodulin (not shown). Phosphorylation of histones 
affected the interaction with calmodulin by increas- 
ing Ki-values (table 1). Ki-Values with H2A, H3 and 
H4 histones, which were phosphorylated by cyclic 
AMP-dependent protein kinase to a small extent, 
were affected slightly by phosphorylation. It was sug- 
gested that decreasing the degree of positive charge 
Table 1 
Effect of histone phosphorylation on $-values with histones 
Histone Ki (M) 
Non-phosphorylated Phosphorylated 
Hl histone 3.8 x lo-* 5.2 x lo-” 
H2A histone 3.4 x lo-’ 3.7 x lo-’ 
H2B histone 8.6 x lo-’ 1.1 x 1o-6 
H3 histone 6.1 x lo-’ 6.1 X lo-’ 
H4 histone 9.3 x lo-’ 9.5 x lo-’ 
Each histone was phosphorylated as specified in fig.4. Ki-Val- 
ues with histones were determined by the kinetic analysis 
(Dixon plot) as mentioned in fig.2. M,-Values with Hl, H2A, 
H2B, H3 and H4 histones are 21 000,14 000,14 000,15 000 
and 11 000, respectively [ 321 
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with histones by incorporation of negatively-charged 
phosphates weakened the interaction with calmodu- 
lin. Therefore, it is likely that the highly acidic nature 
of calmodulin and highly basic nature of histones 
profoundly contribute to the interaction between 
these proteins. However, the above results do not 
necessarily mean that calmodulin-histone interaction 
is a non-physiological reaction as postulated [ 191, 
since a Ca’+-dependent reaction is associated with the 
interaction (fig.3). The calmodulin’histone inter- 
action is a complicated phenomenon, and further 
studies should be done to clarify the physiological 
significances of this interaction. 
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